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In a variety of calcium signaling systems, the frequency of intracellular calcium oscillations is physiologically important.
Probably multiple factors control the frequency of calcium oscillations in the egg after fertilization and many of these
remain to be identified. In this study, we present the first rigorous set of data showing that monospermic fertilization is
important for setting the physiological calcium oscillation frequency. Recordings in 152 zona-free eggs show that the
general pattern of the calcium oscillations is identical in monospermic and polyspermic eggs; however, the oscillation
frequency is higher in polyspermic eggs (P < 1026). The frequency of the late oscillations increases with the number of sperm
heads incorporated: 5.2 6 0.3 spikes per hour (mean 6 SEM; n 5 55) in monospermic eggs, 6.6 6 0.3 (n 5 62) in dispermic
ggs, 8.7 6 0.7 (n 5 23) in trispermic eggs, and 8.9 6 0.9 (n 5 12) in eggs with four or more sperm heads. The frequency of
he early oscillations is also increased in polyspermic eggs. Seventy-eight additional eggs were divided into two groups and
nseminated with two different sperm concentrations (“low” and “high”) to obtain one group mainly monospermic and the
ther mainly polyspermic. The two groups of eggs oscillated at different frequencies (P < 1025). These data rule out the
ossibility of an egg effect in which some eggs would have the dual properties of oscillating faster and of being able to fuse
ith several sperm cells. These data instead suggest that the sperm modulates the frequency of the oscillations in a
ose-dependent manner. © 1999 Academic Press
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A dramatic increase of the free calcium concentration
occurs in the egg cytosol at fertilization in animals (Ridg-
way et al., 1977; see review Jaffe, 1996) as well as in
flowering plants (Digonnet et al., 1997). In mammals the
alcium rise takes the form of a series of repetitive calcium
pikes, termed calcium oscillations (Cuthbertson et al.,
981; Cuthbertson and Cobbold, 1985). The oscillations last
or several hours and their amplitude decreases over time
Miyazaki et al., 1986, 1992; Nakano et al., 1997). As
uggested in hamster, rabbit, and mouse (Miyazaki et al.,
992; Fissore and Robl, 1993; Kline and Kline, 1994), sperm
eem to first trigger a calcium-sensitized InsP3-induced
calcium release (IICR) and probably not a strictly calcium-
induced calcium release (CICR). This is associated with a
1 Present address: Ecole Normale Supe´rieure de Lyon, Laboratory
of Plant Reproduction and Development (UMR 5667 CNRS-INRA-
ENS Lyon-UCB Lyon I), Lyon 69364 Cedex 07, France.
370calcium influx probably refilling the InsP3-sensitive Ca21
stores (Igusa and Miyazaki, 1983; Kline and Kline, 1992a;
Shirakawa and Miyazaki, 1995; McGuinness et al., 1996).
One group of hypotheses to explain how sperm initiates
this series of spikes is based on the binding of sperm to an
egg receptor(s) generating InsP3 (see review: Schultz and
Kopf, 1995). Another group of hypotheses is based on a
sperm factor, possibly a soluble sperm protein, that would
diffuse into the egg and trigger the calcium increase (Swann,
1990).
The calcium increase is required for cortical granule
exocytosis, which acts in the block to polyspermy and for
mammalian egg activation (Kline and Kline, 1992b; Xu et
al., 1996; Lawrence et al., 1998). The number of spikes
(Lawrence et al., 1998) as well as the amplitude of the
oscillations (Vitullo and Ozil, 1992) and probably also the
spike frequency (Ozil and Swann, 1995; Ozil and Huneau,
1998) seem to be important for the zygote’s progression in
the cell cycle and the subsequent initiation of development.
0012-1606/99 $30.00
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371Calcium Oscillations in Polyspermic Mouse EggsThe spike frequency may encode some information as is
now well established in other cell systems (see reviews:
Berridge, 1997; Meldolesi, 1998). It seems to vary among
mammals from 20 to 30 spikes per hour in hamster
(Miyazaki et al., 1986), 5 to 30 in mouse according to
different experiments (Kline and Kline, 1992b, 1994; Na-
kano et al., 1997), about 6 in rabbit (Fissore and Robl, 1993),
about 3 in pig (Sun et al., 1992), to about 2 in bovine (Fissore
t al., 1992; Sun et al., 1994). The biological significance of
uch species variation is unknown.
The importance of monospermic fertilization to setting
he physiological calcium oscillation frequency is unclear.
ontradictory ideas, based on limited data, have been
uggested by different investigators (Miyazaki and Igusa,
981; Miyazaki, 1991; Kline and Kline, 1992b; Fissore et al.,
992). The first goal of this study was to conduct a detailed
nalysis of the pattern and the frequency of calcium oscil-
ations in polyspermic mouse eggs. We recorded the cal-
ium increases in large populations of mouse eggs and
stablished a correlation between the number of sperm
eads incorporated and the frequency of the oscillations.
he second objective was to understand if such differences
re due to special properties of the eggs able to become
olyspermic (i.e., an egg effect), or if the frequency is
odulated by the sperm, in a dose-dependent manner (i.e.,
sperm effect). To answer this question we compared the
requency in two groups of eggs isolated from the same
roup of mice but inseminated with different sperm con-
entrations to achieve different levels of sperm–egg fusion.
he results suggest a sperm effect and therefore that sperm
odulates the frequency of the oscillations. These in vitro
ertilization observations are important to understand the
nderlying mechanisms initiating and maintaining the os-
illations, as the proposed models have now to accommo-
ate these results.
MATERIALS AND METHODS
Egg isolation. For each single experiment, eggs were obtained
from five 8- to 10-week-old superovulated female ICR mice (Harlan
Sprague–Dawley, Inc., Indianapolis, IN). The animals were main-
tained in air-conditioned rooms (24°C) that were illuminated 12
h/day. The superovulation was induced by a 10 IU injection of
pregnant mare’s serum gonadotropin (PMSG; Sigma Chemical Co.,
St Louis, MO) followed 48 h later by a 5 IU injection of human
chorionic gonadotropin (hCG; Sigma Chemical Co.). The mice
were sacrificed 12 to 13 h after the hCG injection. Their oviducts
were removed and put in 2 ml of Whittingham’s medium (Whit-
tingham, 1971) with 0.3% BSA fraction V, cell culture tested
(Sigma Chemical Co.). This medium was prewarmed at 37°C and
equilibrated overnight in a humid atmosphere of 5% CO2 and 95%
air. The oviducts were then dissected using a Stemi 2000C dissect-
ing microscope (Carl Zeiss, Inc., Jena, Germany). The eggs with the
cumulus complexes were collected in 500-ml drops of Whitting-
ham’s medium with 0.3% BSA under light mineral oil (Fisher
Scientific, Pittsburgh, PA) (The medium was prewarmed at 37°C
and equilibrated overnight in a humid atmosphere of 5% CO2 and
95% air.) The cumulus cells were removed by adding 300 mg/ml
i
o
Copyright © 1999 by Academic Press. All rightype I-S hyaluronidase from bovine testes (Sigma Chemical Co.) for
bout 5 to 10 min. Cumulus-free metaphase II eggs (with one polar
ody) were selected and washed two times in 500-ml drops of
medium. They were then transferred into 100-ml drops. Chymo-
trypsin (Sigma Chemical Co.) was added to a final concentration of
10 mg/ml for 1 min and the eggs were then gently passed through a
arrow pipette to remove the zonae pellucidae. The zona-free eggs
ere washed three times in 100-ml drops of medium.
Sperm isolation. Sperm cells were obtained from 10- to 12-
eek-old male ICR mice (Harlan Sprague–Dawley, Inc.). The cauda
pididymis and vas deferens of the sacrificed mice were collected
nd sliced with scissors in 500-ml drops of Whittingham’s medium
ith 3% BSA. The medium was prewarmed at 37°C and equili-
rated overnight under light mineral oil, in a humid atmosphere of
% CO2 and 95% air. The tissue slices were incubated for 15 min
at 37°C. They were then removed from the drops. The released
sperm cells were diluted to 0.5–1 3 107 cells/ml in 100-ml drops of
medium and this stock suspension was incubated 3.5 h for capaci-
tation and acrosome reaction.
Egg loading with fluorochromes. The zona-free eggs were first
loaded with Oregon-Green 488 BAPTA-1 AM (Molecular Probes,
Inc., Eugene, OR) for calcium imaging. We used 100-ml drops of
Whittingham’s medium with 25 mM Oregon-Green for 40 min
37°C, 5% CO2). This dilution was prepared from a 5 mM stock in
anhydrous DMSO (Sigma Chemical Co.). The eggs were washed
three times in 100-ml drops of the medium. These eggs were then
oaded with another dye, 49,6-diamino-2-phenylindole (DAPI) dihy-
rochloride (Polysciences, Inc., Warrington, PA) to enable fertiliza-
ion scoring at the end of the experiments (see Conover and
watkin, 1988). We used 100-ml drops of Whittingham’s medium
ith DAPI at 10 mg/ml for 15 min (37°C, 5% CO2). This dilution
as prepared from a 1 mg/ml stock in anhydrous DMSO. The
oaded eggs were washed again three times in 100-ml drops of
Whittingham’s medium with 0.1% BSA.
Calcium imaging. We drilled a circular hole of 15 mm in 35
mm Corning dishes (Corning Co., Corning, NY) and sealed circular
25-mm glass coverslips (Fisher Scientific) on the external side, with
high-temperature–high-vacuum grease (VWR Scientific, San Fran-
cisco, CA). A 50-ml drop of Whittingham’s medium with 0.1% BSA
as deposited on the glass of each dish, covered with light mineral
il, and equilibrated overnight at 37°C, 5% CO2. Populations of 33
o 53 eggs loaded with the fluorochromes were introduced in each
maging dish. They were allowed to sediment and adhere to the
lass over 30 min (37°C, 5% CO2). The dish was transferred onto
the stage of a confocal laser scanning microscope (LSM 410; Carl
Zeiss, Inc.) equipped with a microincubator (PDMI-2; Medical
Systems Corp., Greenvale, NY) connected to a temperature con-
troller (TC-202; Medical systems Corp.). The controller was set at
45°C, and the temperature measured in the drop with a thermo-
couple was equal to 35–36°C. We added 10 ml of sperm (in
hittingham’s medium, 3% BSA) to each drop, therefore ending
ith 0.8 to 1.6 million sperm cells/ml and 0.6% BSA. All the 33 to
3 eggs introduced in each dish were viewed and imaged with 203
luar (Carl Zeiss, Inc.) magnification every 5 s over 2 h. We used a
88-nm laser excitation, a 510-nm beamsplitter, and a long pass
15-nm emission filter.
The experiments reported in Fig. 5 were done under slightly
ifferent conditions. Once loaded with the fluorochromes, the
ona-free eggs obtained from five female mice were divided into
wo groups (see Fig. 5a). One group of zona-free eggs was transferred
n an imaging dish and allowed to sediment and adhere to the glass
ver 30 min (37°C, 5% CO2). Sperm were added and the dish was
s of reproduction in any form reserved.
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372 Faure, Myles, and Primakoffmoved to the stage of the confocal microscope and the cytosolic
calcium imaged for 45 min as described above. The eggs were then
transferred back in an incubator for 45 min (37°C, 5% CO2) after
which they were imaged a second time over 45 min and fertiliza-
tion was scored. The second group of eggs was imaged following the
same protocol, delayed by 45 min to allow the calcium imaging on
the confocal microscope while the first group was in an incubator
(Fig. 5a). One group was inseminated with 12 ml of a stock sperm
uspension containing about 107 cells/ml to get a final concentra-
tion of about 2 3 106 sperm/ml. The other group was inseminated
with 2 ml of the stock sperm suspension plus 10 ml of prewarmed
nd equilibrated Whittingham’s medium with 3% BSA, to get a
nal concentration of about 3 3 105 sperm/ml.
Fertilization scoring. The sperm nuclei incorporated into the
eggs preloaded with DAPI were stained by this fluorochrome, thus
enabling the scoring of sperm–egg fusion (see Conover and Gwat-
kin, 1988). We used the arc lamp (50 W HBO AC) of the confocal
microscope (BP 365-nm excitation filter; FT 395-nm beamsplitter;
LP 397-nm emission filter; Carl Zeiss, Inc.) and confirmed these
observations with confocal laser scanning microscopy (364-nm
laser excitation; 395-nm beamsplitter; BP 395- to 435-nm emission
filter). The measures of fusion used are the fertilization index (FI,
mean number of fused sperm per egg, counting all eggs), a sperm
index (SI, mean number of fused sperm per fertilized egg), and the
fertilization rate (FR, percentage of eggs fused with at least one
sperm).
Data analysis and estimate of the calcium spike frequency.
Images in the “.tif” format with all the eggs were created every 5 s
during the recording and saved under time series with the LSM 410
software (Carl Zeiss, Inc.). With this software we then designed a
square region of interest (“ROI”) in the center of each egg. The side
of each ROI approximately equaled half of the egg diameter. We
then ran the time series to measure the average fluorescence level
in each ROI every 5 s. From these runs we created tables of values
with the LSM 410 software in the “.xls” format. These tables were
opened with Microsoft Excel 5.0 (Microsoft Co., Redmond, WA) to
obtain the data in graphical form (see Fig. 1) and to estimate the
frequency of the calcium spikes. We defined the calcium spikes by
their rank during the oscillations (see Fig. 1a). We named “spike n”
the last spike of the 2-h recording, and “spike n-1” the next to last
spike. For each egg, we measured the number of seconds tn-[n-1]
between the ends of these last two spikes. We then estimated a
number Fn-[n-1] of calcium spikes per hour, 2 h after insemination:
Fn-[n-1] 5 3600/tn-[n-1]. We termed it “frequency of the late oscilla-
ions.” Similarly, we estimated a “frequency of the early oscilla-
ions” (F3-2) from the time difference between spikes 2 and 3 (t3-2)
(Fig. 1a).
RESULTS
Pattern of the Calcium Increase
In a first group of experiments we obtained polyspermic
mouse eggs and imaged the calcium increases. In this first
set, four experiments led to more than 50% of polyspermic
eggs, with up to seven sperm heads incorporated per egg.
These four experiments represented a total of 171 zona-free
eggs from 20 female mice. In 1 egg the fertilization scoring
was uncertain. Among the other 170 eggs, 167 were fertil-
ized (FR 5 98.2%; FI 5 1.88; SI 5 1.92). Twelve of the
fertilized eggs started to oscillate late, after the initial 45
Copyright © 1999 by Academic Press. All rightin of incubation with sperm, and 3 had a very atypical
attern of oscillations with very brief and frequent calcium
pikes and a rising baseline. We focused our analysis on the
52 other eggs. Three representative samples are presented
n Fig. 1. In a monospermic egg (Fig. 1a), the first calcium
pike lasts a few minutes and the following oscillations
onsist of a series of spikes which become progressively
horter in duration. In polyspermic eggs (Figs. 1b and 1c) the
attern is similar. Oscillations begin 19.6 6 1 min (mean 6
EM, n 5 97) after insemination in polyspermic eggs,
hereas they begin 26.2 6 1.6 min (n 5 55) after insemina-
ion in monospermic eggs, a significant difference (P ,
.001).
Oscillation Frequency in Monospermic and
Polyspermic Eggs
As seen in Fig. 1, the number of spikes also seems to
FIG. 1. Cytosolic calcium changes in monospermic or polysper-
mic mouse eggs. A population of eggs was loaded with DAPI and
Oregon Green AM. These eggs were inseminated with 0.8 to 1.6 3
06 sperm/ml and imaged for calcium levels more than 2 h. The
ecording was then terminated and the number of sperm heads
ncorporated by each egg was scored. Figures a, b, and c represent
he calcium changes in typical monospermic, dispermic, and
rispermic eggs from the same population. The frequencies pre-
ented in the subsequent figures were calculated as follows: the
umber of seconds between the last two spikes of the 2-h recording
as measured for each egg (tn-[n-1]) and the number of spikes per hour
as calculated from this value (Fn-[n-1] 5 3600/tn-[n-1]). This is referred
o as the frequency of the “late” oscillations. Similarly, the
requency of the early oscillations (F3-2) was calculated from the
time difference between the spikes 2 and 3 (t3-2).increase with the number of sperm heads incorporated into
the egg. To quantify this effect of polyspermy, we calcu-
s of reproduction in any form reserved.
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373Calcium Oscillations in Polyspermic Mouse Eggslated the frequency of the spikes from the end of the
recordings (Fn-[n-1]) as described under materials and meth-
ods. This frequency increases with the number of sperm
heads incorporated (Fig. 2). The mean frequency is 5.2 6 0.3
spikes per hour (mean 6 SEM; n 5 55) in monospermic
ggs, 6.6 6 0.3 (n 5 62) in dispermic eggs, 8.7 6 0.7 (n 5 23)
in trispermic eggs, and 8.9 6 0.9 (n 5 12) in eggs with four
r more sperm heads. The difference between monospermic
ggs and eggs fused with two, or three, or four and more
perm is highly significant (P , 0.001) in each case. There
may be a plateau in the oscillation frequency above three
sperm heads incorporated. All these results (mean frequen-
cies) come from the four experiments with a total of 152
fertilized eggs. The same trends in the results were also
obtained for each individual experiment. As we noticed
some variability in the fluorescence in unfertilized eggs,
probably due to some heterogeneity in Oregon Green load-
ing, we looked at a possible correlation between the fluo-
rescence baseline level and the oscillation frequency, for
each experiment (Fig. 3). No correlation was observed,
ruling out a possible effect of the loading on the frequency
of the oscillations.
Similarly, the frequency calculated from the beginning
of the oscillations (F3-2) is increased in polyspermic eggs
(Fig. 4). The mean early frequency is 3.6 6 0.3 spikes per
hour (mean 6 SEM; n 5 55) in monospermic eggs and is
FIG. 2. Frequency of calcium oscillations in mouse eggs fused
with different numbers of sperm cells (frequency of the “late”
oscillations, Fn-[n-1]). The data come from four independent experi-
ments, assaying 33–53 eggs per experiment. Data presented in this
and subsequent figures are expressed as the mean 6 SEM, and the
number of eggs per category is printed in each bar. Asterisks
indicate samples containing eggs fused with two, three, or four
sperm, in which the increase of frequency was statistically signifi-
cant as compared to monospermic eggs (P , 0.001 by Student’s
t-test). The increase of frequency in eggs fused with three or four
sperm is also statistically significant when compared to dispermic
eggs (P , 0.01).4.4 6 0.2 (n 5 97) in polyspermic eggs, a significant
difference (P , 0.008). The difference between monosper-
Copyright © 1999 by Academic Press. All rightmic and polyspermic eggs seems therefore to be set early.
In addition the frequency in both monospermic and
polyspermic eggs is increased between the beginning of
the oscillations (F3-2) and the end of the recording (Fn-[n-1])
as seen in Fig. 4. As the ratio Fn-[n-1]/F3-2 equals 1.45 in
onospermic eggs and 1.66 in polyspermic eggs, some of
he late difference between monospermic and polysper-
ic eggs may be due to a bigger acceleration of the
scillations after polyspermy.
FIG. 3. Effect of Oregon Green AM loading on the frequency of
the calcium oscillations. For each of the experiments from Fig. 2,
the frequency of the “late” oscillations (Fn-[n-1]) was plotted as a
unction of the fluorescence of the loaded eggs before insemina-
ion. The result from a representative experiment is shown (r 5
0.07).
FIG. 4. Frequency of the “early” calcium oscillations versus
“late” oscillations. The data come from the same experiments
presented in Fig. 2, and for each calculation (“early” or “late”) eggs
are grouped in two categories: monospermic (“mono”) or polysper-
mic (“poly”). The single asterisk indicates that the difference of
“early” frequency between polyspermic and monospermic eggs is
statistically significant (P , 0.008 by Student’s t-test). Similarly,
the double asterisk indicates that the difference of “late” frequency
between all the polyspermic eggs and the monospermic eggs is
statistically significant (P , 1026).
s of reproduction in any form reserved.
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374 Faure, Myles, and PrimakoffA Sperm Effect Versus an Egg Effect
A second set of experiments was done with two groups of
eggs isolated from the same five female mice but insemi-
nated with different sperm concentrations (Fig. 5a). The
goal was to ask if the increase of calcium oscillation
frequency is due to special properties of certain eggs more
able to become polyspermic or if the frequency is modu-
lated by the sperm. In this second set of six experiments,
two led to a difference in the mean number of fused sperm
per fertilized egg (SI) of at least 0.5 between the low and the
high sperm concentrations (3 3 105 and 2 3 106 sperm/ml,
espectively). This, therefore, allowed us to compare mainly
onospermic eggs at the low sperm concentration (SI 5
FIG. 5. A sperm effect versus an egg effect. (a) Design of the
experiments to compare the cytosolic calcium changes of eggs
inseminated with different sperm concentrations. A population of
eggs was divided into two groups (Nos. 1 and 2). For each group the
transfer time corresponds to the introduction of one group of eggs
on the glass coverslip of one dish for calcium imaging, the insemi-
nation time corresponds to the addition of sperm, the black bars to
the period of calcium imaging, and the fertilization scoring to the
observation of the DAPI staining (see Materials and Methods). (b)
One group was inseminated with 3 3 105 sperm/ml and the other
with 2 3 106 sperm/ml. The frequency of the “late” calcium
oscillations (Fn-[n-1]) was then calculated. The difference of frequency
between the two conditions is statistically significant (P , 1025 by
Student’s t-test). The presented data come from two independent
experiments, assaying 61–65 eggs per experiment..22) to mainly polyspermic eggs at the high sperm concen-
ration (SI 5 1.85). These two experiments represented a
Copyright © 1999 by Academic Press. All rightotal of 126 zona-free eggs of which 108 were fertilized
FR 5 85.7%). In 1 egg the fertilization scoring was uncer-
tain and in another egg the pattern of the oscillations was
very atypical. We therefore focused the analysis on the 106
other eggs. A total of 78 eggs started to oscillate during the
first 45-min period of calcium imaging. The data presented
below have been obtained from these 78 eggs that initiated
oscillations early, and similar results are obtained when all
106 eggs are scored (data not shown).
This set of experiments confirms the results presented in
Fig. 2, in that the frequency calculated from the end of the
recordings (Fn-[n-1]) increases with the number of sperm heads
incorporated. The frequencies were as follows: Fn-[n-1] 5
.4 6 0.5 (mean 6 SEM; n 5 41) in monospermic eggs, 6.7 6
.5 (n 5 21) in dispermic eggs, 7.2 6 0.8 (n 5 13) in
rispermic eggs, and 9.9 6 1.2 (n 5 3) in quadrispermic eggs.
The frequency is significantly higher in polyspermic eggs
than in monospermic ones (P , 0.001).
The frequency of the oscillations is also significantly
higher (P , 1025) at the high sperm concentration (Fig. 5b).
n addition, the monospermic eggs in both sperm concen-
rations oscillate at frequencies that are not significantly
ifferent (P . 0.05). These results obtained with eggs of the
ame origin show that the increase in frequency is due to an
ncrease in the number of fused sperm cells and not to a
roperty of the eggs.
DISCUSSION
We have provided the first rigorous set of data showing
that monospermic fertilization is important for setting the
physiological calcium oscillation frequency in fertilized
eggs. Our data allow the clear conclusion that the calcium
oscillation frequency is significantly elevated in polysper-
mic eggs. Previous investigations, including limited data,
have stated that this may not be the case (Kline and Kline,
1992b; Fissore et al., 1992) or have suggested it may be, also
based on sparse data (Miyazaki and Igusa, 1981; Miyazaki,
1991). Our findings that polyspermy produces increased
oscillation frequencies will need to be explained by any
mechanistic proposal about the trigger(s) for egg cytoplas-
mic calcium increases at fertilization.
In a first set of experiments, we observed a pattern of
calcium oscillations similar to that previously found with
mouse eggs (Kline and Kline, 1992b, 1994; Nakano et al.,
1997). In our experiments the frequency of oscillations was
quite variable in monospermic mouse eggs, ranging from 3
spikes per hour up to 13, with an average of about 5. The
frequency seems to be even more variable in other pub-
lished reports, ranging from 4 to 24 spikes an hour (Kline
and Kline, 1992b, 1994; Igarashi et al., 1997; Nakano et al.,
1997). Several parameters may explain this variability such
as slight differences in the concentration of extracellular
calcium, a variable that can affect the frequency of the
oscillations (Igusa and Miyazaki, 1983) or differences in the
age of the eggs (see Igarashi et al., 1997). Indeed, the
s of reproduction in any form reserved.
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375Calcium Oscillations in Polyspermic Mouse Eggspublished experiments used eggs isolated 13.5 to 16 h
post-hCG (Kline and Kline, 1992b, 1994; Igarashi et al.,
1997; Nakano et al., 1997). In addition to these differences,
the level of polyspermy was not always estimated by the
authors. Since we find an increased oscillation frequency in
polyspermic eggs, this factor may also provide a partial
explanation for the higher variability observed in previously
published experiments. We observed no difference in the
general pattern of the oscillations between monospermic
and polyspermic mouse eggs; e.g., the superimposition of
several oscillation patterns that is conceivable for polysper-
mic eggs. However, polyspermic eggs started to oscillate 6.6
min earlier (on average) than monospermic eggs. This may
be due to a generally more rapid (by chance) initial sperm–
egg fusion event in polyspermic eggs.
Our data show an increase of the oscillation frequency
with the number of sperm heads incorporated. Our obser-
vations suggest that the increase in oscillation frequency in
polyspermic eggs has two components. First, the frequency
is increased from the very beginning of the calcium oscil-
lations as the frequency of the early oscillations (termed
here F3-2) is already significantly different. Second, we
uantified an acceleration of the oscillations over time in
onospermic as well as polyspermic eggs. Such an accel-
ration can be visualized on recordings from other authors,
n mouse (Kline and Kline, 1994; Nakano et al., 1997) or
abbit (Fissore and Robl, 1993). Our data suggest that this
cceleration is more rapid in polyspermic eggs as indicated
y the ratio between the frequencies of the late and the
arly oscillations.
A second set of experiments was done with eggs of the
ame origin but inseminated with two different sperm
oncentrations. These experiments show a difference of the
scillation frequencies in the two groups of eggs, one having
olyspermic eggs. If the increase of frequency in polysper-
ic eggs had been due to special oscillatory properties of
he eggs coincidentally able to become polyspermic, we
ould have expected similar frequencies in the two groups
f eggs regardless of sperm concentration and the number of
used sperm cells. This was not found and elevated oscilla-
ion frequency is therefore not an egg effect. We can
onclude that the sperm sets the frequency of the oscilla-
ions, in what seems to be a dose-dependent manner.
Sperm extracts have been shown to be able to trigger
alcium oscillations when microinjected into eggs (Swann,
990). Interestingly, the oscillations are more frequent in
amster eggs when more extract is injected (Swann, 1990).
ur observations made during fertilization show that the
igher the number of sperm incorporated, the higher the
requency of the oscillations and are compatible with a
perm factor hypothesis. Such a factor could not only
rigger oscillations but also set the oscillation frequency in
dose-dependent manner, after microinjection as well as
fter fertilization. In this regard, it would be of interest to
easure the frequency of calcium oscillations after thentracytoplasmic injection of defined numbers of sperm
ells.
Copyright © 1999 by Academic Press. All rightNumerous reports show that the frequency of cytosolic
alcium signals increases when the extracellular calcium
oncentration is raised and thus when the driving force for
calcium influx is increased (e.g., Igusa and Miyazaki,
983; Girard and Clapham, 1993). Further studies in mouse
ave shown that, indeed, a calcium influx occurs at fertili-
ation probably after the first calcium spike and may be
ssociated with this first depletion of the calcium stores
Kline and Kline, 1992a). A calcium influx was also shown
uring the following spikes and during interspikes at a
ower rate (McGuinness et al., 1996). This increased influx
s supposed to refill the calcium stores and lead to the
ontinuing ability to release calcium (Kline and Kline,
992a). The level of influx may set the interval time
etween spikes and explain the effects of external calcium
oncentration on the frequency of the calcium spikes.
xperiments have suggested that this influx would be
apacitative (Kline and Kline, 1992a; McGuinness et al.,
996). It is also inducible by inositol phosphates (InsPs)
uch as InsP4 (Shirakawa and Miyazaki, 1995), a molecule
nown to activate calcium channels in plasma membrane
atches from endothelial cells (Lu¨ckhoff and Clapham,
992). Consistent with these ideas, the simplest model for
olyspermic eggs would be that the calcium influx would
e increased either through higher doses of InsPs or other
ompounds that would somehow modulate the calcium
nflux. Interspike calcium entry would then take a shorter
ime to saturate the stores and allow them to again become
ensitive to regenerative calcium release. It would therefore
e of interest to measure the calcium influx in polyspermic
ggs. The reloading efficiency of the stores or their sensi-
ivity to regulatory signals may be another target as sug-
ested by experiments in which higher levels of injected
onoclonal antibody against the InsP3 receptor decrease
he frequency of the oscillations (Miyazaki et al., 1992).
What could be the biological significance of an increased
scillation frequency in polyspermic eggs? Electrostimula-
ion experiments have been performed with unfertilized
ggs in rabbit, pig, and bovine (Ozil, 1990; Vitullo and Ozil,
992; Fissore and Robl, 1992; Sun et al., 1992; Collas et al.,
993). It was shown that electric pulses induce extracellular
alcium to enter the unfertilized eggs and increase tran-
iently the cytosolic calcium level (Fissore and Robl, 1992;
un et al., 1992; Collas et al., 1993). Protocols consisting of
repeated electric pulses at precise time intervals and of
variable duration and strength, lead to different rates of
parthenogenesis. These experiments suggest that the am-
plitude of the induced oscillations (Vitullo and Ozil, 1992)
and probably also their frequency (Ozil and Swann, 1995;
Ozil and Huneau, 1998) are important for progression in the
cell cycle and the subsequent initiation of development. In
particular, the speed of pronuclear formation and the effi-
ciency of later implantation may be affected (Ozil and
Swann, 1995; Ozil and Huneau, 1998). Complementary
experiments done with calcium chelators suggest that the
number of spikes is also important (Lawrence et al., 1998).
In addition, in other cell types there are now several studies
s of reproduction in any form reserved.
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376 Faure, Myles, and Primakoffshowing that the frequency of oscillations encodes informa-
tion which can modulate gene expression (Dolmetsch et al.,
998; Li et al., 1998) and differentiation (Gu and Spitzer,
995). Thus, the higher frequency of oscillations in
olyspermic eggs could potentially result in as yet unde-
ned consequences for early development.
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